Abstract
The stress-inducible glucose-regulated protein 78 (GRP78) is a multifunctional protein overexpressed in a variety of cancer cells [1]. In progressively growing tumours, GRP78 is highly induced by endoplasmic reticulum (ER) stress stimuli such as hypoxia, glucose starvation and low pH. Overexpression of GRP78 can stimulate tumour cells proliferation, survival, invasion and metastasis [2]. As an ER-resident chaperone, GRP78 interacts with transmembrane ER stress sensors such as inositol restriction enzyme 1, pancreatic ER kinase (PERK) and activation transcription factor 6 and control their activation; maintain Ca
2ϩ homeostasis and target misfolded proteins for proteasomal degradation [3] .
Moreover, GRP78 may help to maintain ER integrity and inhibit ER-stress-induced apoptosis by preventing the activation of several pro-apoptosis molecules such as caspase-4, caspase-7 and
Bik [4] [5] [6] . ER stress-induced autophagy is also dependent on GRP78 [7] . In addition to responding to the pathophysiological insults that disturb ER homeostasis, GRP78 confers resistance to chemotherapeutic drugs such as adriamycin, etoposide, temozolomide and fluorouracil [5, 8] . GRP78 expression can be induced by anticancer agents such as microtubules-targeting agents [9] , Hsp70 inhibitor [10] , histone deacetylase inhibitor [11] and anti-angiogenesis inhibitors [12, 13] . Blockade of GRP78 may sensitize cancer cells to these agents. [14] . Mounting studies showed that EGCG inhibited the survival rate of malignant cells and induced apoptosis of malignant cells via the mitochondrial signal transduction pathway [15] [16] [17] [8] , quercetin [10] , TNF-related apoptosis-inducing ligand (TRAIL) [18] , paclitaxel and vinblastine [9, 19] . EGCG is a natural inhibitor of GRP78 ATPase activity [14] . # [14] . In addition to GRP78, EGCG can target other molecules such as IGF-IR [20] , Hsp90 [21] and BCL-2 [22] , which play important roles in cell growth and survival.
GRP78 is one of the targets for (-)-Epigallocatechin gallate (EGCG), a green tea polyphenol with cancer chemopreventive potential

. As a natural compound, EGCG is a promising agent for cancer chemoprevention. Also, EGCG may be of utility in cancer chemotherapeutics. Preclinical studies demonstrated that EGCG could sensitize tumour cells to temozolomide
Chrysin (5,7- [23, 24] . As an anti-oxidant, chrysin possesses vitamin-like activity in the body. Inhibition of the Cox-2 pathway is a mechanism underlying chrysin anti-inflammatory activity [24] . In light of these beneficial activities, chrysin has been described as disease-preventing dietary supplement. More importantly, chrysin may promote cancer cell death or perturb cell cycle progression [25, 26] 
Statistical analysis
One-way ANOVA with least significant difference post hoc test was used to test for the differences in cell viability and apoptosis rate. All statistical tests were two-tailed, and difference to be considered statistically significant when P Ͻ 0.05.
Results
Chrysin inhibits hepatoma cell growth
To determine the effects of chrysin on hepatoma cell growth, HepG2 cells were treated with increasing doses of chrysin ranging from 2.5 to 40 M for 48 hrs, followed by CCK-8 assay. Obvious change in cell shape was also detected after chrysin treatment. Whereas the untreated HepG2 cells displayed the cubic cell shape, many spindle cells were observed in chrysin-treated cells (Fig. 1A) . (Fig. 1C) chrysin at higher dosages (Fig. 2) . These data suggested that chrysin inhibited cellular proliferation at relatively lower concentration, and induced apoptosis at relatively higher concentration.
Chrysin inhibited HepG2 cell growth in a dose-dependent manner (Fig. 1B). In addition, the inhibitory effects of chrysin on SMMC-7721 cells were observed, while SMMC-7721 cells were less sensitive to chrysin than HepG2 cells
Chrysin induces the unfolded protein response
Previous study indicated that chrysin possessed proteasome inhibitor activity [27] (Fig. 3A) . Similar effects were observed in another hepatoma cell line SMMC-7721 (Fig. 3A) .
Next (Fig. 3B) . In addition, treatment of HepG2 cells with chrysin induced XBP-1 splicing, a hallmark of the unfolded protein response (Fig. 3C) (Fig. 3D) . In addition, treatment with chrysin induced PARP cleavage (Fig. 3E) , a hallmark of cell apoptosis. (Fig. 4) . These data indicate that GRP78 blockade can potentiate the activation of caspase-7 by chrysin. (Fig. 5) . These data suggested that GRP78 knockdown could sensitize hepatoma cells to chrysin by promoting caspase activation.
GRP78 knockdown potentiates chrysin-induced apoptosis
Next, we investigated the effects of GRP78 knockdown on chrysin-induced apoptosis. siRNA-mediated knockdown of GRP78 significantly enhanced chrysin-induced apoptosis in both HepG2 and SMMC-7721 cells. Treatment with caspase inhibitor abrogated the effects of chrysin and GRP78 knockdown on apoptosis
EGCG overcomes chrysin-induced GRP78 expression and potentiates the activation of caspase-7 by chrysin
Previous studies have identified EGCG, the major component of green tea, as a natural compound that overcomes paclitaxelinduced GRP78 expression and directly interacts with the ATPbinding domain of GRP78, blocks the interaction between GRP78
and procaspase-7, and suppresses the protective function of GRP78 [14, 19] (Fig. 6A) . Similar effects were observed in SMMC-7721 cells (Fig. 6A) . EGCG also potentiated chrysin-induced PARP cleavage (Fig. 6B) and chrysin yielded significantly more profound inhibition of cell growth than single agents (Fig. 7A) . Whereas treatment of SMMC-7721 cells with 10 M chrysin poorly inhibited cell growth, combination of EGCG and chrysin resulted in significant inhibition of SMMC-7721 cell growth (Fig. 7B) .
. To investigate whether EGCG can overcome chrysin-induced GRP78 expression and enhance chrysin-induced caspase-7 activation, HepG2 cells were treated with EGCG, chrysin or both. Treatment with EGCG alone had no effects on GRP78 expression and caspase-7 cleavage. However, combination of EGCG suppressed chrysin-induced GRP78 expression, and resulted in an increase in caspase-7 cleavage compared to that in cells treated with chrysin alone
. These results demonstrated that EGCG could overcome chrysin-induced GRP78 expression and potentiate the pro-apoptotic signals induced by chrysin.
EGCG sensitizes hepatoma cells to chrysin
To determine whether EGCG potentiated chrysin-induced apoptosis, HepG2 cells were treated with EGCG, chrysin or both for 48 hrs, followed by Hoechst 33342 staining. Whereas EGCG alone had little effects on apoptosis, combination of EGCG and chrysin resulted in significantly higher apoptotic rate than chrysin alone. The stimulatory effects of EGCG on chrysin-induced apoptosis could be abrogated by caspase inhibitor (Fig. 8A) . EGCG also potentiated chrysin-induced apoptosis in SMMC-7721 cells (Fig. 8B) . These data indicated that EGCG could potentiate chrysin-induced apoptosis through caspase activation.
Discussion
Previous studies have suggested that both flavonoids and green tea polyphenol can reduce the incidence of many types of cancer.
Chrysin, a common flavonoid in plants, has been proposed as an antitumour agent. EGCG, the main constituent of green tea, also shows chemopreventive effects in animal models, as well as in epidemiological studies [27] [28] [29] [27] . Given that proteasome inhibition induces the unfolded protein response [31] , it is reasonable to speculate that inhibition of proteasome may contribute, at least in part, to the induction of the unfolded protein response by chrysin. Tumour cells are generally more resistant to ER stressinduced apoptosis compared with un-transformed cells [34] . Overexpression of molecular chaperones in cancer cells may confer resistance to ER stress [35] . For example, GRP78 is a multifunctional chaperone that can protect cells from ER stressinduced apoptosis [3] . Mechanistically, GRP78 interacts with caspase-4, caspase-7 and BIK, and inhibits their activation [4] [5] [6] [36, 37] . Hsp70 may inhibit several steps of the apoptotic cascades including release of cytochrome C and apoptosis-inducing factor from the mitochondria, nuclear import of AIF, activation of procaspases-9 and -3 and even downstream of active caspase-3 [38] [39] [40] [41] . Abrogation of Hsp70 induction significantly enhances the anti-leukaemia activity of 17-AAG [42] . The green tea polyphenol EGCG is known as an inhibitor of stress protein GRP78 [14] . Combination of EGCG with chemotherapeutic agents that induce the unfolded protein response can enhance tumour cells sensitivity in these agents [8, 9, 14] . EGCG also synergistically promotes quercetin-induced cell death [10] . 
